Background
==========

Nephrotic syndrome is characterized by the co-occurrence of multiple signs and symptoms due to kidney damage; primary nephrotic syndrome (PNS) is diagnosed after the exclusion of secondary causes. Hyperlipidemia (elevated plasma total cholesterol \[TC\] and low-density lipoprotein \[LDL\]) is a major pathophysiological feature of PNS \[[@b1-medscimonit-25-5327],[@b2-medscimonit-25-5327]\]. When a patient with PNS develops renal sclerosis, the kidneys and plasma typically have increased levels of numerous inflammatory factors. Inflammation can also promote the deposition of lipids in innate renal cells, leading to the proliferation of renal foam cells, the accumulation of extracellular matrix, and eventually to renal sclerosis \[[@b3-medscimonit-25-5327]--[@b5-medscimonit-25-5327]\]. However, the molecular mechanism by which lipid deposition in intrinsic renal cells induces inflammation is not fully understood.

The LDL receptor (LDLR) is a major plasma membrane protein that binds to LDL in the blood and is a key regulator of LDL and cholesterol metabolism. The uptake of unmodified LDL induces the formation of lipid-filled foam cells, and alters the level of serum cholesterol \[[@b5-medscimonit-25-5327],[@b6-medscimonit-25-5327]\]. The LDLR also has high expression on the plasma membranes of renal cells, such as mesangial cells and podocytes \[[@b6-medscimonit-25-5327],[@b7-medscimonit-25-5327]\]. Transcription and protein degradation are mainly responsible for regulating the level of LDLR *in vivo*. The sterol regulatory element binding protein 2 (SREBP2) acts as a key transcription factor that regulates *LDLR* expression. In particular, SREBP2 binds specifically to the sterol-regulatory element (*SRE*) on the *LDLR* promoter, and increases *LDLR* transcription. SREBP2 also plays an important role in the feedback regulation of LDLR, and mediates intracellular cholesterol homeostasis \[[@b7-medscimonit-25-5327],[@b8-medscimonit-25-5327]\]. A previous study found that inflammatory factors increased the expression of SREBP2 in renal mesangial cells and podocytes, leading to increased *LDLR* transcription and foam cell formation \[[@b6-medscimonit-25-5327]--[@b9-medscimonit-25-5327]\].

Recent studies found that the proprotein convertase subtilisin/kexin type 9 (PCSK9) can promote the degradation of LDLR in the cytoplasm and lysosomes by binding to the epidermal growth factor domain A (EGF-A) of the LDLR protein \[[@b10-medscimonit-25-5327],[@b11-medscimonit-25-5327]\]. Thus, PCSK9 is a major endogenous promoter of LDLR degradation. PCSK9 is mainly expressed in the liver, small intestine, and kidney, and is a major regulator of cholesterol homeostasis within cells \[[@b10-medscimonit-25-5327]--[@b12-medscimonit-25-5327]\]. The upstream 28 bp region of the *PCSK9* gene contains a highly conserved sequence, the hepatocyte nuclear factor 1 (*HNF1*) binding site, and transcription factor HNF1α increases *PCSK9* transcription by binding to this site. Previous research reported that transcription of *PCSK9* was lower when there was decreased expression of HNF1α and decreased binding of HNF1α to the *HNF1* site in *PSCK9* promoter \[[@b10-medscimonit-25-5327]--[@b13-medscimonit-25-5327]\]. Hence, HNF1α is a key regulator of *PCSK9* transcription. Clinical studies indicated that the transcription factor HNF1α has high expression in the kidneys, where it has an important role in the metabolism of lipids, including cholesterol. Several inflammatory factors can downregulate the expression of HNF1α *in vivo*, and thereby regulate the expression of several related genes \[[@b10-medscimonit-25-5327]--[@b15-medscimonit-25-5327]\].

We hypothesize that inflammation reduces the transcription of *PCSK9* by downregulating the expression of HNF1α, and this leads to reduced degradation of LDLR in innate renal cells. We also hypothesize that inflammation increases the expression of SREBP2, leading to an increase of *LDLR* transcription and eventually to increased deposition of lipids in the kidney.

Material and Methods
====================

Animals
-------

Ninety-six male BALB/c mice (6-weeks-old, provided by the Center for Experimental Animals, Chongqing Medical University, China) were randomly divided into 4 groups (24 mice per group): a control (CTL) group, an inflammation (IFM) group, an Adriamycin-induced nephrosis (ADR) group, and an Adriamycin-induced nephrosis with inflammation (AWI) group. Mice in the CTL group each received an intravenous injection of 0.9% saline (same volume as the ADR group). Mice in the IFM group each received subcutaneous injections of 0.5 mL 10% casein every other day until sacrifice at 4, 8, or 12 weeks \[[@b13-medscimonit-25-5327],[@b14-medscimonit-25-5327]\]. Mice in the ADR group each received an intravenous injection of Adriamycin (10.5 mg/kg body weight; diluted to 10% with 0.9% saline; Pharmacia, Italy). Mice in the AWI group each received an intravenous injection of Adriamycin (aforementioned), and 1 week later received subcutaneous injections of 0.5 mL of 10% casein every other day until sacrifice at 4, 8, or 12 weeks. All study protocols were reviewed and approved by the Chongqing Medical University Institutional Animal Care and Use Committee.

Kidney collection
-----------------

Mice were sacrificed after 4, 8, or 12 weeks. Kidneys were harvested, and perfused with 0.9% saline until they were pale in color. The upper poles of the left kidneys were preserved in 4% paraformaldehyde for oil red O and immunohistochemical staining. The remaining kidney samples were used for measurements of RNAs, TC, and triglycerides.

Measurement of TC
-----------------

The TC content of kidneys was determined using a cholesterol enzymatic assay according to the manufacturer's instructions (Total Cholesterol Test Box, Jiancheng, Nanjing, China).

Oil red O staining
------------------

Fresh kidney tissue was cut into 15 μm-thick frozen sections, fixed with 10% neutral formaldehyde for 20 minutes, and washed twice with phosphate-buffered saline (PBS) for 5 minutes. Tissue sections were stained with Oil red O (Sigma, USA) in a dark box for 30 minutes, rinsed with 60% ethanol for 3 seconds, and immediately rinsed twice in distilled water for 5 minutes. Hematoxylin was added for 10 minutes, and then the sections were rinsed in running water for 5 minutes and then covered with glass at room temperature and allowed to dry. Then, 1 to 2 drops of neutral gum were added around the tissue, it was covered with a slide, and lipid deposition was observed immediately under a light microscope (Eclipse E100, Nikon, Japan) at 200-fold.

Immunohistochemistry
--------------------

Immunohistochemistry (IHC) was used to examine the expression of interleukin (IL)-1β, transforming growth factor beta 1 (TGF-β1), HNF1α, PCSK9, LDLR, and SREBP2 using the following antibodies: rabbit anti-rat IL-1β antibody (working dilution 1: 100; sc-7884, Santa Cruz Biotechnology, USA), rabbit anti-rat TGF-β1 (working dilution 1: 100; sc-146, Santa Cruz Biotechnology), mouse anti-human SREBP2 antibody (working dilution 1: 100; sc-271615, Santa Cruz Biotechnology), mouse anti-human HNF1 α antibody (working dilution 1: 100; sc-393668, Santa Cruz Biotechnology,), rabbit anti-rat LDLR antibody (working dilution 1: 100; ab30532, Abcam, UK), rabbit anti-rat PCSK9 antibody (working dilution 1: 100; ab31762, Abcam). In these experiments, samples were incubated with primary antibodies at 4°C overnight and were then treated with horseradish peroxidase-labeled polymer conjugated to a secondary goat anti-rabbit antibody at 37°C for 30 minutes (PV-6001, Zhongshan, China). Sections were then stained with the diaminobenzidine (DAB) reagent and counterstained with hematoxylin. PBS was substituted for the primary antibodies in the negative controls, and previously confirmed positive tissue specimens were used as positive controls. The expression of all proteins was quantified as the integrated optical density (IOD) using the Image-Pro Plus System.

RNA isolation and real-time polymerase chain reaction (RT-PCR)
--------------------------------------------------------------

Total RNA was isolated from frozen kidney samples using an RNA isolation kit (RP1201, Bioteke, China) according to the manufacturer's protocol. Reverse transcription was performed using a reverse transcription kit (DRR047A, Takara, China), and 1 μL of sample was used for reverse transcription into the complementary DNA (cDNA). The reaction volume for real-time quantitative polymerase chain reaction (RT-qPCR) was 10 μL (1 μL cDNA, 0.4 μL forward sequence primer, 0.4 μL reverse sequence primer, 5 μL SYBR, and 3.2 μL ddH~2~O), and PCR was performed using the following protocol: 40 cycles of denaturation at 95°C for 30 seconds, annealing at 59°C for 30 seconds, and extension at 65°C for 30 seconds, and then a final extension reaction (85°C) for 5 minutes. The specific primers were designed by TaqMan primer express ([Table 1](#t1-medscimonit-25-5327){ref-type="table"}). The expression of *TGF-*β*1*, *IL-1*β, *HNF1*α, *PCSK9*, *LDLR*, and *SREBP2* mRNAs are presented relative to β-actin, and were determined using the 2^ΔΔCt^ method.

Correlation analysis
--------------------

Spearman's correlation analysis was used to determine the significance of correlations between the expression of inflammatory cytokines (TGF-β1 and IL-β1), PCSK9, and TC in the kidneys of mice in the ADR and AWI groups.

Statistical analysis
--------------------

SPSS (version 18.0) software was used for data analysis. Groups of data were analyzed using one-way analysis of variance (ANOVA), followed by the Student-Newman-Keuls test. Qualitative data were analyzed using the Kruskal-Wallis test. A *P*-value below 0.05 was regarded as significant.

Results
=======

Accumulation of lipids, TC, and triglycerides in kidneys
--------------------------------------------------------

We first examined the deposition of lipids in the kidneys of mice in the 4 groups using Oil red O staining ([Figures 1](#f1-medscimonit-25-5327){ref-type="fig"}, [2](#f2-medscimonit-25-5327){ref-type="fig"}). The CTRL group had very little lipid deposition in the CTL group from week 4 to week 12, but the other 3 groups had increasing lipid deposition over time. The IFM group had significantly more lipid deposition than the CTRL group at week 8 and week 12. At all times, the ADR and AWI groups had significantly more lipid deposition than the CTL group, and the AWI group had significantly more lipid deposition than the IFM and ADR groups.

We used an enzymatic method to measure TC levels in the kidneys of the 4 groups after 4, 8, and 12 weeks ([Figure 3](#f3-medscimonit-25-5327){ref-type="fig"}). From week 4 to week 12, the CTRL group had no significant changes in TC, although the TC levels gradually increased in the other 3 groups over time. The ADR and AWI groups had significantly more TC than the CTRL group at all times, and the IFM group had significantly more TC than the CTRL group at week 8 and week 12. The AWI group had significantly more TC than the IFM group at week 4, and significantly more TC than the ADR and IFM groups at week 8 and week 12.

Changes in signaling molecules in kidneys
-----------------------------------------

We measured changes in the levels of multiple signaling molecules over time in the 4 groups using IHC and RT-qPCR ([Figures 4](#f4-medscimonit-25-5327){ref-type="fig"}, [5](#f5-medscimonit-25-5327){ref-type="fig"}). The 4 groups had similar changes of TGF-β1 and IL-β1 (markers of inflammation) over time. In particular, the AWI group had the greatest expression of both markers at all times, and the ADR and IFM groups had significantly higher levels than the CTL group at all times. The IFM and ADR groups had similar levels of both molecules at all times.

The changes of HNF1α and PCSK9 were similar among the 4 groups ([Figures 4](#f4-medscimonit-25-5327){ref-type="fig"}, [5](#f5-medscimonit-25-5327){ref-type="fig"}). The CTRL group had the greatest expression of both molecules and the AWI group had the lowest expression at all times. The IFM and ADR groups had similar expression of both molecules.

All 4 groups had similar changes of LDLR and SREBP2 expression over time ([Figures 4](#f4-medscimonit-25-5327){ref-type="fig"}, [5](#f5-medscimonit-25-5327){ref-type="fig"}). In particular, from week 4 to week 12, the CTRL group had the lowest expression of LDLR and SREBP2, the AWI group had the greatest expression, and the ADR and IFM groups had intermediate levels of expression. The AWI group had significantly lower expression of LDLR and SREBP2 than the IFM and ADR groups at all times.

Correlation of inflammatory cytokines, PCSK9, and TC in kidneys
---------------------------------------------------------------

There was a significant positive correlation between the expression of pro-inflammatory cytokines (TGF-β1 and IL-β1) and TC levels in the kidneys of the ADR and AWI groups (*P*\<0.05). The expression of pro-inflammatory cytokines (TGF-β1 and IL-β1) is negatively correlated with the expression of PCSK9 in the kidneys of the ADR and AWI groups (*P*\<0.05). The expression of PCSK9 is negatively correlated with the TC levels in the kidneys of the ADR and AWI groups (*P*\<0.05)

Discussion
==========

Some children with PNS eventually develop chronic glomerulosclerosis, which is often accompanied by lipid deposition, inflammatory cell infiltration, and secretion of inflammatory factors in the kidneys \[[@b4-medscimonit-25-5327],[@b5-medscimonit-25-5327],[@b16-medscimonit-25-5327]\]. In 1982, Moorhead and colleagues first proposed that "lipid nephrotoxicity" provided a positive feedback between altered lipid metabolism and kidney damage; in other words, kidney damage disrupts lipid metabolism, and the resulting altered lipid metabolism further aggravates kidney damage \[[@b17-medscimonit-25-5327]\]. Subsequent studies found that the mechanism of glomerular sclerosis is similar to that of atherosclerosis \[[@b3-medscimonit-25-5327],[@b17-medscimonit-25-5327],[@b18-medscimonit-25-5327]\], and this led to a proposal of a disease state identified as "glomerular atherosclerosis". Additional research has confirmed that inflammatory cell infiltration and expression of inflammatory factors are involved in the processes of atherosclerosis and glomerulosclerosis \[[@b3-medscimonit-25-5327],[@b17-medscimonit-25-5327],[@b18-medscimonit-25-5327]\].

In this study, we established a mouse model of chronic inflammation with nephropathy by administration of Adriamycin and subcutaneous collagen. These mice developed significantly increasing levels of local inflammatory factors in the kidneys during disease progression. In fact, the expression of inflammatory factors in the kidneys our mice were similar the levels in children with PNS. Previous research indicated the kidney cells of patients with PNS secrete a variety of inflammatory mediators, which act on the innate cells of the kidney via autocrine signaling, leading to aggregation of inflammatory cells in the glomeruli, and ultimately to glomerular inflammation \[[@b3-medscimonit-25-5327]--[@b6-medscimonit-25-5327]\].

Ruan et al. \[[@b9-medscimonit-25-5327],[@b19-medscimonit-25-5327]\] revised the original model of "lipid nephrotoxicity" by demonstrating that inflammation is the key cause of kidney injury following abnormal lipid metabolism. Inflammatory factors play a central role in accelerating lipid-mediated kidney injury because they affect the cellular homeostasis of cholesterol. In addition, *in vitro* experiments \[[@b9-medscimonit-25-5327],[@b19-medscimonit-25-5327]\] showed that IL-1β and TNFα promoted the expression of SREBP2 in human mesangial cells (HMCs) and vascular smooth muscle cells (VSMC) in a dose-dependent manner; these proteins bind to a specific promoter sequence in *LDLR*, thus abrogating the normal feedback regulation, and leading to accumulation of abundant unmodified LDL in mesangial cells and vascular smooth muscle cells. Intracellular accumulation of foam cells also aggravates the renal damage caused by lipid accumulation. Thus, lipid metabolism disorders and inflammation together contribute to kidney damage \[[@b1-medscimonit-25-5327]--[@b4-medscimonit-25-5327],[@b9-medscimonit-25-5327],[@b19-medscimonit-25-5327]\]

Our previous research \[[@b3-medscimonit-25-5327]\] showed that inflammatory factors can aggravate lipid deposition in the kidney of children with PNS, and that deposition of lipids correlated significantly with expression of IL-1β and TGF-β1. Moreover, expression of LDLR and apoB100 were greater in kidney samples from PNS patients with inflammation than healthy controls and PNS patients without inflammation. Other research reported that expression of inflammatory factors in the kidney correlated with LDLR expression and lipid deposition \[[@b6-medscimonit-25-5327],[@b9-medscimonit-25-5327],[@b19-medscimonit-25-5327]\]. However, the mechanism by which inflammatory factors increase renal LDLR expression and lipid deposition is not fully understood.

Previous research confirmed that LDLR is a key regulator of lipid homeostasis in the kidney \[[@b6-medscimonit-25-5327]--[@b9-medscimonit-25-5327]\], and that PCSK9 has an important function in LDLR degradation \[[@b7-medscimonit-25-5327],[@b15-medscimonit-25-5327]\]. In addition, the transcription factor HNF1α regulates the transcription of PCSK9 \[[@b11-medscimonit-25-5327]--[@b13-medscimonit-25-5327]\]. The results of the present study demonstrated that when the renal expression of inflammatory factors increased, the renal expression of HFN1α and PCSK9 decreased, and the expression of LDLR increased. There is evidence that the degradation of LDLR in a line of human hepatocellular carcinoma cells (HepG2) declines as the expression of HNF1α declines, and that the binding of HNF1a with PCSK9 decreases as the expression of PCSK9 decreases \[[@b13-medscimonit-25-5327]--[@b16-medscimonit-25-5327]\]. In addition, as the expression of LDLR increased, the phagocytosis of LDL led to the accumulation of more lipids in HepG2 cells \[[@b7-medscimonit-25-5327]--[@b13-medscimonit-25-5327]\]. Therefore, we speculate that inflammatory factors may reduce the transcription of *PCSK9* by downregulating the expression of HNF1α in intrinsic renal cells, and that this reduces binding of HNF1α to the *PCSK9* promoter. This leads to reduced degradation of LDLR, increased levels of LDLR on the plasma membranes of intrinsic renal cells, and lipid deposition in the kidney.

SREBP2 has a key role in the promotion of LDLR transcription \[[@b8-medscimonit-25-5327]\], and the interaction of 3 proteins (SCAP-SREBP2-LDLR) maintains LDLR transcription at a relatively steady state. Many previous studies \[[@b8-medscimonit-25-5327],[@b9-medscimonit-25-5327],[@b19-medscimonit-25-5327]\] have reported that inflammatory factors enhance the expression of SREBP2 in renal mesangial cells and podocytes, and this allows the SCAP-SREBP2 complex to escape from the endoplasmic reticulum; SREBP2 then moves into the Golgi for lysis and activation, and this promotes *LDLR* transcription in mesangial cells and podocytes, and thereby increases the intracellular level of cholesterol. The present study indicated that the expression of SREP2 and LDLR in the kidneys of normal mice and mice with Adriamycin-induced nephropathy increased significantly as the expression of inflammatory factors increased. Therefore, we speculate that inflammatory factors promote the expression of LDLR by upregulating *SREBP2* in intrinsic renal cells.

Conclusions
===========

Our study of a mouse model of PNS indicated that inflammatory factors promoted lipid deposition in the kidneys of normal mice and mice with Adriamycin-induced nephropathy. Inflammatory factors apparently reduce the transcription of *PCSK9* by downregulating the expression of HNF1α in intrinsic renal cells, thereby reducing the degradation of LDLR and increasing the expression of *SREBP2.* This ultimately leads to an increased level of LDLR on intrinsic renal cells, and increased lipid deposition in the kidneys.
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![Representative oil red O staining results of renal tissues in the control (CTL) group, inflammation (IFM) group, Adriamycin-induced nephrosis (ADR) group, and Adriamycin-induced nephrosis with inflammation (AWI) group at 4, 8 and 12 weeks. Scale bar indicates 100 μm.](medscimonit-25-5327-g001){#f1-medscimonit-25-5327}

![Quantitative analysis of oil red O staining results of kidneys in the 4 groups at 4, 8, and 12 weeks. Values represent means ± standard errors of mean for groups of 8 mice each. For comparisons at the same time point: \* *P*\<0.05 versus CTL group, ^\#^ *P*\<0.05 versus AWI group. CTL -- control group; AWI group -- Adriamycin-induced nephrosis with inflammation group.](medscimonit-25-5327-g002){#f2-medscimonit-25-5327}

![TC levels of the kidneys in the 4 groups at 4, 8, and 12 weeks. Values represent means ± standard errors of mean for groups of 8 mice each. For comparisons at the same time point: \* *P*\<0.05 versus CTL group, ^\#^ *P*\<0.05 versus AWI group. TC -- total cholesterol; CTL -- control group; AWI group -- Adriamycin-induced nephrosis with inflammation group.](medscimonit-25-5327-g003){#f3-medscimonit-25-5327}

![(**A--F**) Renal expression of TGF-β1, IL-1β, HNF1α, PCSK9, LDLR, and SREBP2 proteins (immunohistochemical analysis software was used to analyze the optical density values in the images, and semi-quantitative values of positive expression in kidney tissues were obtained) and mRNAs (from RT-qPCR, relative to GAPDH) in the 4 groups at 4, 8, and 12 weeks. Values represent means ± standard errors of mean for groups of 8 mice each. For comparisons at the same time point: \* *P*\<0.05 versus CTL, ^\#^ *P*\<0.05 versus AWI. TGF-β1 -- transforming growth factor beta 1; IL-1β -- interleukin 1β; HNF1α -- hepatocyte nuclear factor 1α; PCSK9 -- pro-protein convertase subtilisin kexin type 9; LDLR -- low-density lipoprotein receptor; SREBP2 -- sterol regulatory element binding protein 2; RT-q-PCR -- real-time quantitative polymerase chain reaction; GAPDH -- glyceraldehyde 3-phosphate dehydrogenase; CLT -- control group; AWI group -- Adriamycin-induced nephrosis with inflammation group.](medscimonit-25-5327-g004){#f4-medscimonit-25-5327}

![Representative immunostaining results of renal tissues for HNF1α, PCSK9, LDLR, and SREBP2 in each group at 4, 8, and 12 weeks. Scale bars indicate 100 μm. HNF1α -- hepatocyte nuclear factor 1α; PCSK9 -- pro-protein convertase subtilisin kexin type 9; LDLR -- low-density lipoprotein receptor; SREBP2 -- sterol regulatory element binding protein 2.](medscimonit-25-5327-g005){#f5-medscimonit-25-5327}

###### 

Sequences of primers used for real-time quantitative polymerase chain reaction.

  Gene                                       Sequence
  ------------------------------------------ -----------------------------------------
  GAPDH                                      Forward 5′-CCTGGAGAAACCTGCCAAGTATG-3′
  Reverse 5′-GGTCCTCAGTGTAGCCCAAGATG-3′      
  HNF1α                                      Forward 5′-GCTCTGAAGATGACACGGATGAC-3′
  Reverse 5′-ATGGGTCCTCCTGAAGAAGTGAC-3′      
  LDLR                                       Forward 5′-TGATTCCAAACTCCACTCTATCTCC-3′
  Reverse 5′-ACATCTGTCCAATACACTTTGTCCTC-3′   
  PCSK9                                      Forward 5′-TTCTTGGTGAAGATGAGCAGTGAC-3′
  Reverse 5′-AGGAGTCTTCCTCAATGTACTCCAC-3′    
  SREBP2                                     Forward 5′-TGATTGTCTTGAGCGTCTTTGTG-3′
  Reverse 5′-GGATAAGCAGGTTTGTAGGTTGG-3′      
  IL-1β                                      Forward 5′-CCTTTTGACAGTGATGAGAATGACC-3′
  Reverse 5′-GATTTGAAGCTGGATGCTCTCATC-3′     
  TGF-β1                                     Forward 5′-CGAAGCGGACTACTATGCTAAAGAG-3′
  Reverse 5′-CCGAATGTCTGACGTATTGAAGAAC-3′    

GAPDH -- glyceraldehyde 3-phosphate dehydrogenase; HNFIα -- hepatocyte nuclear factor 1α; LDLR -- low-density lipoprotein receptor; PCSK9 -- pro-protein convertase subtilisin kexin type 9; SREBP2 -- sterol regulatory element binding protein 2; IL-1β -- interleukin 1β; TGF-β1 -- transforming growth factor beta 1.
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